Objective: Infiltration by macrophages is a hallmark of obesity-related adipose tissue (AT) inflammation that is tightly linked to insulin resistance. Although CD11c þ AT macrophages (ATMs) have recently been shown to promote inflammation in obese mice, the knowledge on phenotype and function of different ATM populations is still very limited. This study aimed at identifying and characterizing ATM populations in obesity. Methods: Isolation of ATM populations defined by CD11c and mannose receptor (MR) expression and analysis of gene expression in high-fat diet-induced obese mice.
Introduction
Obesity is associated with adipose tissue (AT) inflammation that is causally involved in the development of insulin resistance. 1 AT macrophages (ATMs) are the main source of inflammatory mediators in the obese AT. 2, 3 ATMs derive from the bone marrow and infiltrate the AT upon obesity in mice 4, 5 and humans. 6 To understand the link of obesity to AT inflammation and insulin resistance mechanisms by which monocytes are attracted to the obese AT and their differentiation to tissue macrophages have to be elucidated. Obesity promotes endoplasmic reticulum (ER) stress in adipocytes 7 and subsequent necrosis-like cell death that is probably based on adipocyte hypertrophy. 8 Dead adipocytes are often found surrounded by ATMs in so-called 'crown-like structures' supposed to scavenge cell debris and free lipid droplets. 8 Scavenging dead adipocytes may be a necessary process for tissue homeostasis, and macrophages are also involved in tissue repair. ATMs express a series of markers such as YM1 and arginase typical for alternatively activated, anti-inflammatory macrophages, designated as M2. [9] [10] [11] Hence, macrophages attracted to the AT could also exert distinct beneficial functions. A recent study 12 showed that in obesity, crown-like structures are enriched with ATM negative for the M2 marker MGL-1 but highly positive for
CD11c. This surface molecule is regarded as a marker of inflammatory M1 macrophages and its expression in ATM is considerably increased upon high-fat diet feeding. 9, 13 Macrophage mannose receptor (MR; also designated CD206), another M2 marker molecule, has been previously shown by us and others to be highly expressed on human ATMs. 14, 15 In previous unpublished experiments, we found that MR is also expressed on the surface of murine ATMs but further characteristics of MR-expressing macrophages remained elusive. The expression of CC chemokines Mcp-1 (gene: CCL2), Mcp-2 (CCL8), Mcp-3 (CCL7), RANTES (CCL5), MIP-1a (CCL3) and CCL11 is increased in the AT of morbidly obese compared with lean subjects. 16 Furthermore, gene expression of CC chemokine receptors CCR1, CCR2, CCR3 and CCR5 is elevated in omental and subcutaneous AT of obese patients. 16 Moreover, in the AT of obese mice, the expression of chemotactic proteins such as Mcp-1, Mcp-2 and RANTES, as well as that of chemokine receptors such as Ccr2 and Ccr5 is increased. 17, 18 Studies in
Mcp-1(Ccl2)-deficient mice and mice overexpressing Mcp-1 support a role of this chemokine in attracting macrophages to the AT and reduced insulin sensitivity in obesity, 19, 20 but these data have been repeatedly challenged by others. [21] [22] [23] ATMs that are newly recruited to the AT during high-fat diet feeding exhibit higher expression of the Mcp-1 receptor Ccr2 compared with resident ATMs, 24 and Ccr2-deficient mice show reduced macrophage infiltration into the AT and improved insulin sensitivity after high-fat diet feeding. 12, 25, 26 These studies indicate that Ccr2 is important even though not exclusively responsible for ATM recruitment, but the chemoattractants provoking ATM recruitment to the AT and their respective receptors still have to be investigated. As little is known about the biological role of defined macrophage populations and the mechanisms underlying their attraction to the AT, this study aimed at identification and characterization of ATM populations in murine obesity to identify putative mechanisms and consequences of their recruitment. We found that cell-surface markers MR and CD11c define three distinct populations in the murine gonadal AT, namely MR
'DN-ATM'). Diet-induced obesity shifted the distribution of these populations from MR-ATMs to CD11c-ATMs, which were of a classically activated M1 type, and DN-ATMs, which resembled a presumably beneficial, M2-like macrophage type. ATMs form Ccl2-knockout mice showed comparable results. Analysis of chemokine receptors identified Ccr2, Ccr5, Ccr3 and Cx3cr1 to be expressed on both CD11c-ATM and DN-ATM, whereas Ccr7 and Ccr9 were selectively expressed in CD11c-ATM and DN-ATM, respectively. In vitro analyses showed that ER stress in adipocytes induced ligands for these chemokine receptors, indicating a potential mode of ATM recruitment to the obese AT.
Materials and methods

Animals
Male C57BL/6J mice (wild type, wt) and Ccl2 knockouts (Charles River Laboratories, Sulzfeld, Germany) aged 7 weeks were placed for 20 weeks on high-fat (60% fat calories, D12492, Research Diets Inc., New Brunswick, NJ, USA) and low-fat (10% fat calories, D12450B, Research Diets Inc.) diet to induce obesity and to serve as lean controls, respectively. Mice had free access to food and water. After 20 weeks on diet, mice were killed by cervical dislocation. After killing, the gonadal white AT was removed and immediately put on ice-cold phosphate-buffered saline for cell preparation. All mice were maintained on a 12-h light/dark cycle. The study protocols were approved by the local ethics committee for animal experiments and followed the guidelines on accommodation and care of animals formulated by the European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes.
Cell preparation and flow cytometry
As a well-accepted source for intra-abdominal fat in quantities sufficient for cell sorting, we used the gonadal AT depot for our analyses. Gene expression analysis Cells were lysed in TRIzol reagent (Invitrogen), and RNA was isolated according to the manufacturer's protocol. A total of 0.5 mg of total RNA was reverse transcribed into cDNA using Superscript II and random hexamer primers (all from Invitrogen). The gene expression of was determined using commercial Assays-on-Demand kits for quantitative realtime reverse transcriptase-PCR on an ABI Prism 7000 cycler (all from Applied Biosystems, Foster City, CA, USA). For quantification, the DDCt method was applied using ubiquitin C as the housekeeping gene. In general, the mean value of wt MR-ATM was considered the base for 'fold induction'. medium is referred to as sDMEM) containing 10% fetal bovine serum (both from Invitrogen), 500 nM dexamethasone, 500 mM 3-isobutyl-L-methylxanthine and 1 mg ml
À1
insulin from bovine pancreas (all from Sigma) for 2 days. Subsequently, cells were incubated in sDMEM containing 10% fetal bovine serum and 1 mg ml À1 insulin for 4 days before cultivation in sDMEM containing 10% fetal bovine serum for another 4 days and induction of ER stress by incubation with 1 mM calcimycin (A-23187 free acid, Invitrogen), 2.5 mg ml À1 tunicamycin and 2.5 mM thapsigargin (both from Sigma) or solvent (dimethyl sulfoxide, 0.025% (v/v)) for 8 and 16 h, as indicated. Figure 1a ). Comparing lean animals on low-fat diet with high-fat diet-induced obese animals, we found the proportion of the CD11c-ATM population to be increased but still comprising only 25 ± 1.5% of total ATM. However, a marked increase in DN-ATMs to 450% of ATMs was detected in parallel with a decreased percentage of MR-ATM cells (Figure 1b ). Adipose tissue macrophage populations in obesity M Zeyda et al
Statistics
We isolated ATMs subdivided into three populations as determined by CD11c and MR surface expression from gonadal fat pads of obese mice using fluorescence-activated cell sorting. Expression of genes for CD11c (Itgax) and MR (Mrc1) confirmed proper sorting of the populations (Figure 2a) . Whereas Itgax was almost exclusively expressed in CD11c-ATM, the expression of Mrc1 was enhanced by only twofold in MR-ATM compared with DN-and CD11c-ATM. These data indicate that MR surface expression in these ATM populations is subjected to extensive posttranscriptional regulation.
Next, we analyzed the three ATM populations with respect to expression of a series of prototypic classical (M1) and alternative activation (M2) marker genes. Figure 2b shows that CD11c-ATMs preferentially express genes for typical M1 markers and cytokines supposed to be involved in the onset of obesity-induced insulin resistance. iNOS (gene: Nos2), IL (interleukin)-6 (Il6) and OPN (Spp1) 27, 28 were markedly higher expressed in CD11c-ATMs compared with DN-ATMs and MR-ATMs (Figure 2b ). However, as exceptions, IL-1b (Il1b) expression was upregulated to a similar extent in CD11c-ATMs and DN-ATMs compared with MR-ATMs, whereas tumor necrosis factor-a (Tnf) expression did not significantly differ between all three populations ( Figure 2b ). Strikingly, genes for typical M2 markers and proteins involved in tissue repair YM1 (Chi3l3) and Arginase (Arg1), were preferentially expressed in DN-ATMs, whereas antiinflammatory IL-10 (Il10) was uniformly expressed in all investigated populations (Figure 2c ). Summarizing, these data show that CD11c-ATMs are of a M1 phenotype as expected, whereas DN-ATMs, the number of which markedly increased in obesity (Figure 1b) , are of an alternatively activated (M2) phenotype and MR-ATMs appear to be relatively quiescent.
Location of CD11c-, DN-and MR-ATM in the AT
To investigate the location of the described populations within the AT, we stained sections of the gonadal AT from obese mice using antibodies against CD11c, MR and YM1, which we found especially highly expressed in DN-ATMs (Figure 2c þ CD11c À cells in the immunofluorescence staining reliably correspond to DN-ATMs. However, these staining patterns confirm the existence of three different ATM populations in situ as defined by the expression of CD11c, MR or neither. MR-ATMs were found both as a single-laying interstitial ATM and clustered in the so-called crown-like structures (Figures 3a and b) . In contrast, DN-ATM and CD11c-ATM cells were preferentially located in clusters constituting crown-like structures (Figures 3a-c) . However, enrichment with CD11c and DN-ATMs differed considerably between individual crown-like structures (Figure 3c) . Hence, variations in surface marker expression were associated with altered distribution of ATM populations in the AT. Adipose tissue macrophage populations in obesity M Zeyda et al
CD11c-ATMs and DN-ATMs, but not MR-ATMs, express several chemokine receptors in common Chemoattraction of ATM is a pivotal step in inflammation of the obese AT, and expression of chemokine receptors may provide hints on the chemoattractants involved. Hence, we analyzed whether the identified ATM populations from the obese gonadal AT differentially express specific chemokine receptors. Ccr2, Ccr3, Ccr5 and Cx3cr1 expression was considerably higher in CD11c-ATMs and in DN-ATMs compared with MR-ATMs ( Figure 4 and Supplementary  Figure 1a) . In contrast, Ccr1 was expressed to a similar extent in all populations (Figure 4) , and Ccr8 could not be detected at all (not shown). Strikingly, Ccr7 and Ccr9 were expressed specifically in CD11c-ATMs and DN-ATMs, respectively ( Figure 4) . Altogether, CD11c-ATMs and DN-ATMs share a panel of important chemokine receptors, whereas chemokine receptor expression is poor on MR-ATMs.
ATM populations are unchanged in obese Ccl2-knockout mice Mcp-1 (Ccl2) could be a key factor in attracting macrophages to the AT, but its role is discussed controversially in the literature. [19] [20] [21] [22] [23] We did not find any differences in ATM Figure 1d) could be detected. These data corroborate reports that question a significant role of Ccl2 in murine obesity-induced AT inflammation. Adipose tissue macrophage populations in obesity M Zeyda et al
Chemokines are primarily expressed in MR-ATMs
It is known that ATMs express chemokines, thereby facilitating recruitment of more ATMs. The discovery of different ATM populations poses the question whether chemokine-expressing (attracting) ATMs and chemokine receptor-expressing (recruited) ATMs belong to the same or different populations. In addition to chemokine receptor data shown above, we therefore investigated the gene expression of a panel of C-C and C-X 3 -C chemokines, the expression of which has been shown to be elevated in murine and human obesity. [16] [17] [18] Whereas chemokine receptor expression was low in the MR-ATM population sorted from the gonadal AT of obese mice (Figure 4 ), the majority of investigated chemokines (Ccl2, Ccl5, Ccl8, Ccl11 and Cx3cl1) was primarily expressed in MR-ATMs ( Figure 6 and Supplementary Figure 1c) . In contrast, Ccl3 expression was uniform in all ATM populations, whereas Ccl7 and Ccl9 were predominantly expressed in both DN-ATMs and Ccl19 and Ccl25, the ligands for the CD11c-ATM-and DN-ATMspecific receptors Ccr7 and Ccr9, respectively, were both expressed at high levels in DN-ATMs, Cc119 additionally in MR-ATMs, although the differences between the groups are not in all cases statistically significant ( Figure 6 , bottom).
Adipocytes upregulate chemokine expression upon ER stress Chemokines can be produced by a wide variety of cells. Considering possible triggers of obesity-induced macrophage infiltration, stressed adipocytes may be a reasonable source of chemoattractants initiating AT inflammation. To test this hypothesis, we induced ER stress in differentiated 3T3-L1 adipocytes by incubation with calcimycin, tunicamycin and thapsigargin. Profound ER stress induction was confirmed by elevated expression of Grp78 (Hspa5; data not shown).
ER-stressed adipocytes strongly upregulated expression of Ccl2, Ccl3, Ccl7 and Ccl19 after 8 h and that of Ccl5, Ccl9 and Ccl19 after 16 h of stress induction ( Figure 7 and Supplementary Figure 2) . Interestingly, Ccl8, Ccl11 and Cx3cl1 were downregulated by ER stress (Figure 7, Supplementary Figure  2 ). Ccl25 expression was not significantly altered by ER stress (Supplementary Figure 2) . Thus, expression of ligands for Ccr2, Ccr3 and Ccr5 present on DN-ATM and CD11c-ATM, as well as Ccr7 present on CD11c-ATM were upregulated by stressed adipocytes. Altogether, chemokine expression data indicate that stressed adipocytes and macrophages, in particular MR-ATMs, may cooperate in monocyte/ macrophage chemoattraction. Figure 8 provides a schematic overview on chemokine receptor and respective chemokine expression in ATMs and stressed adipocytes.
Discussion
In this study, we describe the existence of three distinct ATM populations that exhibit entirely different profiles of M1 and M2 markers, chemokine and chemokine receptor expression.
Although the selective expression of several M1 markers in CD11c-ATM corroborates a role in inflammatory and putatively detrimental responses as suggested previously, 9,13,29 our results on two CD11c-negative populations (MR-ATM and DN-ATM) provide unexpected novel findings. First, the population discovered in this study that is double negative for CD11c and MR (DN-ATM) seems to represent a beneficial M2-like phenotype putatively involved in tissue repair according to its arginase (Arg1) and YM1 (Chi3l3) expression. 10, 11 However, the expression of the IL-1b gene in these cells also suggests some proinflammatory potential. The large increase of their abundance in obesity together with profound chemokine receptor expression indicate that DN-ATMs are immigrated cells, as assumed for CD11c-ATMs. 9 Second, although the MR is generally regarded as a marker for alternative (M2) activation of macrophages, our data suggest MR-ATMs to be regarded as quiescent rather than alternatively activated cells. MR-ATMs could represent resident macrophages, which may have a role for attracting other immune cells. We show in this study that upon ER stress, adipocytes express various chemokines such as Ccl-2, -3, -5, -9 ( Figure 7) , for which CD11c-ATMs and DN-ATMs express respective receptors (Ccr1, -2, -3, -5; Figure 5 ). In accordance with chemokine induction in stressed adipocytes, CD11c-ATMs and DN-ATMs are enriched in crown-like structures (Figure 3 ). These structures consist of an accumulation of macrophages around stressed, dying adipocytes 8 and have previously been shown to be enriched with CD11c-ATMs. 12 Whether there are variations of crown-like structures as indicated by different enrichment with CD11c-ATMs and DN-ATMs, respectively (Figure 3c ), remains to be elucidated. Interestingly, several chemokines that are downregulated in Adipose tissue macrophage populations in obesity M Zeyda et al adipocytes upon ER stress (such as Ccl8, Ccl11 and Cx3cl1) are highly expressed in MR-ATMs (Figures 6 and 7 ; Supplementary Figures 1 and 2 ), indicating that MR-ATMs and adipocytes cooperate in attracting immune cells to the AT (see also Figure 8 ). Elucidation of mechanisms for attraction of monocytes/ macrophages to the AT is crucial for future pharmacological interference with obesity-induced inflammation and development of related disorders such as type 2 diabetes. One of the best-described chemokine/receptor pairs in AT inflammation is Mcp-1/Ccr2. Although several studies corroborate our result ( Figure 5 ) that Mcp-1 (Ccl2) is not essentially involved in the attraction of ATMs, 22, 23 prevention of obesity-induced AT inflammation and associated deterioration of metabolic parameters has been reported in Ccr2-knockout animals 25 and by pharmacological blockade of Ccr2. 26, 30 Although blockade of Ccr2 could be a promising approach for treatment of obesity-induced inflammation and insulin resistance according to these publications by reduction of CD11c-ATM, a simultaneous lack of DN-ATM may likely (Figure 4) , as well as for promising target chemokines, such as for example, the major Ccr5 ligand RANTES (Ccl5), the expression of which is also increased in human obesity. 16, 18, 31 Hence, successful targeting of inflammatory ATM accumulation in the obese AT requires elucidation of specific mechanisms of attraction for the inflammatory CD11c-ATMs. However, it should be noted that the rate of apoptosis 32 as well as local proliferation and (re-)differentiation may be factors determining the number of ATM and the proportions of their sub-population and, therefore, are worthwhile to be studied. Selectivity for attracting the inflammatory CD11c-ATM could according to our data be achieved by the Ccl19/Ccr7 ligand/receptor pair. We found the gene for Ccl19 expressed in MR-ATMs, DN-ATMs and in tunicamycin-stressed adipocytes. As shown in Figure 4 , Ccr7 is specifically expressed in CD11c-ATMs and thus might be a possible target for blocking attraction of this particularly proinflammatory population. Moreover, Ccr7 expression is more pronounced in the inflammation-prone and metabolically more relevant visceral compared with the subcutaneous AT.
33 DN-ATMs, on the other hand, predominantly express Ccr9 (Figure 4) , as well as the gene for its ligand Ccl25 ( Figure 6 ). As DN-ATMs could promote accumulation of other DN-ATMs by Ccl25, but also of CD11c-ATMs through Ccl19 (Figure 6 ), DN-ATMs could be important for balancing the immigration of proinflammatory and anti-inflammatory ATMs in obesity. Not only CD11c but also Ccr7 are markers of dendritic cells, the prototypical function of which is the stimulation of naive T cells. However, the absence of T-cell costimulatory receptors and CD1d in murine CD11c-ATMs (data not shown) as in human ATMs 14 suggest designate designation of CD11c-ATMs as macrophages rather than dendritic cells, despite recent evidence for a role of T cells in the obese AT, which implicates an involvement of antigen-presenting cells. [34] [35] [36] In addition, DN-ATMs selectively express a gene for a dendritic cell chemokine receptor, namely Ccr9 ( Figure 5 ), which is a marker of murine tolerogenic, suppressive plasmacytoid dendritic cells. 37 Thus, together with the expression of M2 marker genes, Ccr9 expression indicates that DN-ATMs are of an anti-inflammatory phenotype.
Owing to their high abundance even in lean animals, their low expression of chemokine receptors, and their widely distributed localization in the AT as compared with the other ATM types (Figure 3 ), MR-ATMs may constitute resident macrophages. This notion is supported by results of a study with Ccr2-negative ATMs generated by bone marrow transplantation in genetically obese (ob/ob) mice. 26 In these mice, the number of ATMs and their expression of mRNA for CD11c was reduced compared with wt ATMs, whereas MR expression was unchanged. 26 Notably, the decrease in the percentage of MR-ATMs (Figure 1a) was not due to a decrease in absolute MR-ATM numbers, which were moderately increased upon obesity in our studies (1.6 ± 0.4-fold, as Adipose tissue macrophage populations in obesity M Zeyda et al assessed by the proportion within total stromal-vascular cells, not shown), as recently corroborated by gene expression data in another study. 38 MR-ATMs also express MGL-1 on their surface (data not shown), a recently described marker for resident ATMs. 12 However, MGL-1 þ ATMs highly express Il10 and Arg1, 12 the latter of which is not substantially expressed in MR-ATM (Figure 2 and Fujisaka et al. 38 )
indicating that MGL-1 is not a selective marker for the MR þ CD11c À (MR-ATM) population. Hence, further research is warranted to characterize these putatively resident ATMs with respect to surface phenotype and function.
In conclusion, by investigating ATM populations defined by CD11c and MR surface expression, we show in this study that not only detrimental inflammatory but also a so far undescribed alternatively activated and putatively beneficial ATM population is increased in obesity. Chemokine and chemokine receptor expression analyses revealed a complex network of attraction mechanisms. As illustrated in a schematic overview in Figure 8 , our conclusive hypothesis is, briefly, that upon obesity-induced ER stress dying adipocytes produce various chemokines that attract macrophages (DN-ATMs) competent for tissue repair. This attraction is supported by resident macrophages (MR-ATMs), which may be capable of removing glycoproteins and debris from their surroundings but are otherwise relatively quiescent. Possibly as a 'side effect' of DN-ATM attraction that may be important for tissue homeostasis, also CD11c-ATMs are attracted, which by release of inflammatory factors promote the vicious circle of obesity-mediated AT inflammation with its detrimental consequences on insulin sensitivity.
The identification of chemokine/chemokine receptor interactions selective for inflammatory ATMs could lead to the development of anti-inflammatory therapeutic strategies for preventing obesity-associated metabolic and cardiovascular complications.
